Visual perceptual learning (VPL) is defined as long-term improvement in performance on a visual-perception task after visual experiences or training. Early studies have found that VPL is highly specific for the trained feature and location, suggesting that VPL is associated with changes in the early visual cortex. However, the generality of visual skills enhancement attributable to action video-game experience suggests that VPL can result from improvement in higher cognitive skills. If so, experience in real-time strategy (RTS) video-game play, which may heavily involve cognitive skills, may also facilitate VPL. To test this hypothesis, we compared VPL between RTS video-game players (VGPs) and non-VGPs (NVGPs) and elucidated underlying structural and functional neural mechanisms. Healthy young human subjects underwent six training sessions on a texture discrimination task. Diffusion-tensor and functional magnetic resonance imaging were performed before and after training. VGPs performed better than NVGPs in the early phase of training. White-matter connectivity between the right external capsule and visual cortex and neuronal activity in the right inferior frontal gyrus (IFG) and anterior cingulate cortex (ACC) were greater in VGPs than NVGPs and were significantly correlated with RTS video-game experience. In both VGPs and NVGPs, there was task-related neuronal activity in the right IFG, ACC, and striatum, which was strengthened after training. These results indicate that RTS video-game experience, associated with changes in higher-order cognitive functions and connectivity between visual and cognitive areas, facilitates VPL in early phases of training. The results support the hypothesis that VPL can occur without involvement of only visual areas.
Introduction
Visual perceptual learning (VPL) is defined as experience-or training-dependent performance improvements on a visual task and is regarded as a manifestation of adult plasticity (Karni and Sagi, 1991; Yotsumoto et al., 2008; Sasaki et al., 2010; Beste and Dinse, 2013) . VPL has attracted attention because of its benefits for visual perceptual ability, and there have been continuous endeavors to use VPL in clinical settings, such as to treat amblyopia (Hussain et al., 2012; Xi et al., 2014; ), presbyopia (Polat, 2009 , and stroke (Huxlin et al., 2009) , and sports settings to enhance sports performance (Deveau et al., 2014) .
Many types of VPL have been found to be highly specific for the trained feature and location. Such specificity has led researchers to suggest that VPL is associated only with changes in the early visual cortex in which visual information is processed in a more specific manner than in higher visual and cognitive areas (Poggio et al., 1992; Karni and Sagi, 1993; Crist et al., 1997; Watanabe et al., 2002) . This view was supported by a number of physiological evidence (Schoups et al., 2001; Furmanski et al., 2004; Yotsumoto et al., 2008 Yotsumoto et al., , 2009 Shibata et al., 2011) .
However, it has been found that action video-game experience improved visual performance in much more general ways than has been found in traditional VPL studies (Green and Bavelier, 2003, 2012; Green et al., 2010; Oei and Patterson, 2013; Wu and Spence, 2013) . These results suggest that video-game playing enhances attentional control (Cardoso-Leite and Bavelier, 2014) , the ability to learn new tasks (Green and Bavelier, 2012) , and reweighting the connectivity between visual areas (Bejjanki et al., 2014) , which may mainly occur as a result of involvement in higher areas than the early visual cortex and that the improvement of such abilities also leads to VPL. Recently, it has been suggested that VPL results from improvement in a feature representation in the early visual cortex or in task strategies in higherorder cognitive areas (Watanabe et al., 2002; Harris et al., 2012; Shibata et al., 2014; Watanabe and Sasaki, 2015) . In this view, either improvement in the early visual cortex or higher regions is sufficient for VPL to occur.
Here we aimed to test whether high-order cognitive skills are involved in VPL by testing whether real-time strategy (RTS) video-game experience facilitates VPL. Previous studies have found that action video games improve certain executive and cognitive tasks (Green et al., 2012; Strobach et al., 2012) and visual tasks in association with reweighting connectivity between visual areas (Bejjanki et al., 2014) . RTS video games may particularly rely heavily on high-order cognitive strategies that require flexible allocation and integration of different cognitive skills (Basak et al., 2008 (Basak et al., , 2011 Glass et al., 2013; Dobrowolski et al., 2015) . Recent research supports this view. The gray-matter volumes of the medical prefrontal cortex, cerebellum, postcentral gyrus, anterior cingulate cortex (ACC), and dorsolateral prefrontal cortex were correlated with improvement in an RTS video game (Basak et al., 2011) . Thus, if RTS video-game players (VGPs) have stronger structural and/or functional mechanisms in high-ordered cognitive areas and show a greater ability to develop VPL than non-(or less-experienced) VGPs (NVGPs), this will support the hypothesis that VPL is associated with changes in these higher-order cognitive areas.
With these considerations in mind, we sought to compare VPL between RTS VGPs and NVGPs and to elucidate the structural and functional neural mechanisms that underlie the interindividual differences in VPL using diffusion-tensor imaging (DTI) and functional magnetic resonance imaging (fMRI).
Materials and Methods
Subjects and experimental design. Subjects were 31 males aged 22-36 years. All subjects completed a structured, written questionnaire and interview on demographics, education and socioeconomic status, and video-game playing experience. Inclusion criteria for VGPs were as follows: (1) experience (Ͼ1000 plays) of RTS game play, e.g., StarCraft and WarCraft; and (2) played RTS games at least 3 d/week for a minimum of 1 h/d for the previous 3 months. Inclusion criteria for NVGPs were as follows: (1) no or little previous experience of video-game play; and (2) had not played any type of game for Ͼ10 h over the past year. All subjects provided written informed consent to participate in the experiment, and the protocol was approved by the Institutional Review Boards of the Asan Medical Center.
Texture discrimination task training. The texture discrimination task (TDT) was used to elicit and assess VPL (Karni and Sagi, 1991) . Visual stimuli were presented on an LCD screen at a viewing distance of 57 cm. A test stimulus was presented very briefly (17 ms) and was followed by a variable-duration blank screen and then a mask stimulus (100 ms). The target screen consisted of a centrally located fixation letter (randomly rotated L or T) and a peripherally positioned texture target array (a horizontal or vertical array of three diagonal bars, ü on a background of horizontal bars (-). While keeping their eyes fixated on the center of the stimulus display, subjects were asked to respond twice for each trial: once to identify the letter (L or T) and once to indicate the orientation (horizontal or vertical) of the target array by pressing two of four buttons on a response button box. The purpose of the letter task was to ensure that the subject's gaze was fixed on the center of the display. In each trial, fixation, blank, target, blank, mask, fixation, and response screens were presented sequentially in their respective order. Auditory feedback was provided immediately after a subject's response to the fixation letter. No feedback was given for a texture target array response (Karni and Sagi, 1991; Sagi and Tanne, 1994) . Correct response for a texture target array was counted only if the response to a fixation letter was correct.
Each subject completed six training sessions over a period of 2 weeks. During the training sessions, the horizontal or vertical target array was presented only in one quadrant of the visual field. This quadrant, i.e., the trained visual field, was counterbalanced across the subjects and groups and was the upper right quadrant for 14 subjects (n ϭ 7 for VGPs and n ϭ 7 for NVGPs) and the upper left quadrant for 17 subjects (n ϭ 9 for VGPs and n ϭ 8 for NVGPs).
The time interval between the onsets of the target and the mask screen was defined as the stimulus-to-mask onset asynchrony (SOA). Seven different SOAs were used in each training session. The SOAs used were selected from eight possible SOAs (550, 300, 250, 200, 150, 120, 100, and 80 ms) . Each training session contained 21 blocks of trials. The SOA was constant within each block and was constant for three consecutive blocks, corresponding to 120 consecutive trials for sessions 1 and 2 (40 trials in each block) and 80 consecutive trials for sessions 3-6 (27 trials in the first and second blocks and 26 in the third block of the same SOA). This resulted in a total of 840 trials in sessions 1 and 2 and 560 trials in sessions 3-6.
The initial SOA in the first training session was 550 ms, and then SOAs became progressively shorter (i.e., 300, 250, 200, 150, 120 , and 100 ms). To induce maximum perceptual capability and to avoid subjects from being bored of performing the task, the initial SOA from the second to the last training sessions was adjusted as follows: the initial SOA was 300 ms if performance was Ͼ80% for the 150 ms SOA in the previous training session and was 550 ms if performance was Յ80% for the 150 ms SOA in the previous training session. For each subject, a logistic function was fitted to the rate for the training session to construct a psychometric curve, and the SOA corresponding to 80% performance accuracy was taken as a threshold measure for the training session.
TDT during fMRI. Subjects performed the TDT in an fMRI session before and after training. In the fMRI session before training, subjects performed at least 32 practice trials to ensure that they understood the task. During fMRI sessions, TDT stimuli were presented via visual goggles (NordicNeuroLab). The texture target arrays were displayed in either the upper left visual field or the upper right visual field (i.e., the trained or untrained visual field from the training session) using an event-related fMRI paradigm. The display position of the text target array was randomized. The timing for the presentation of each trial was calculated with optseq2 software (Dale, 1999; Dale et al., 1999) to randomize the interstimulus interval from trial to trial to maximize the statistical efficiency. Each fMRI session contained 224 TDT trials (n ϭ 112 trials for each of the two visual fields). Trials were conducted over seven runs, i.e., 32 trials per run. At the beginning of each trial, a blue or green fixation cross was presented for 500 ms, followed by a blank screen for 250 ms. The color of the fixation cross served as a cue for the location of a texture target array to follow. A blue fixation cross indicated that the texture target array would appear at the trained visual field (quadrant); a green cross indicated that the array would appear at the untrained visual field (quadrant). A target screen was then presented for 20 ms, followed by a mask screen for 100 ms. The SOA between the target and mask screen was constant at 100 ms for 17 subjects (Experiment 1; n ϭ 9 for VGPs and n ϭ 8 for NVGPs) and 150 ms for 14 subjects (Experiment 2; n ϭ 7 for VGPs and n ϭ 7 for NVGPs). As in the behavioral training session, subjects were asked to respond to the fixation and texture targets by pressing a button on a box that they held in their right hand. Immediate auditory feedback was given only for the fixation letter task (Karni and Sagi, 1991; Sagi and Tanne, 1994; Yotsumoto et al., 2008) . Task performance during fMRI was defined as the correct response ratio regardless of two visual field conditions (ϭ the number of correct responses for both fixation and texture target/the number of correct response for fixation target).
The SOA in Experiment 1 (100 ms) was selected a priori based on a previous study (Yotsumoto et al., 2008) . However, no improvement in performance was observed from before to after training, although subjects had a threshold SOA of 127 Ϯ 37 ms at the end of the six training sessions. We believe that, in our experimental setting, subjects found it difficult to perceive the texture target with an SOA of 100 ms when they were in the fMRI environment. Thus, the constant SOA was changed to 150 ms for Experiment 2, and the correct response ratio increased from before to after training. For this reason, neuronal activities during the task were investigated on only the fMRI data collected in Experiment 2.
Image acquisition and preprocessing. Subjects were scanned in a 3 T MR scanner (Tim Trio; Siemens). fMRI and DTI scans were obtained in both the pretraining and posttraining sessions, and a high-resolution T1-weighted image was acquired in the pretraining session. fMRI was acquired using gradient-echo echo planar imaging sequences (repetition time, 2000 ms; echo time, 30 ms; flip angle, 90°) for measurement of blood oxygen level-dependent (BOLD) signal contrast. Thirty-seven slices (3.125 ϫ 3.125 ϫ 3.5 mm) for task scans with interleaved slice sequences were acquired oriented parallel to the anterior commissureposterior commissure plane. In addition, each subject underwent an 11 min echo planer DTI scan (repetition time, 5100 ms; echo time, 88 ms; voxel size, 1.875 ϫ 1.875 ϫ 4 mm). Thirty-seven slices were acquired with b values of 0 and 1000 mm 2 /s obtained by applying gradients along 64 different diffusion directions. High-resolution T1-weighted images (MPRAGE; repetition time, 1900 ms; inversion time, 900 ms; echo time, 2.2 ms; flip angle, 9°; 176 slices in the sagittal plane; voxel size, 1 ϫ 0.5 ϫ 0.5 mm) were also acquired.
Acquired high-resolution T1-weighted images were resampled to isotropic 1 mm voxel size via FreeSurfer (Fischl et al., 2004) , which was used to estimate the transformation parameter in the spatial normalization step between the individual high-resolution T1-weighted image and the standard Montreal Neurological Institute (MNI) T1-weighted image. Affine linear and deformable nonlinear registration transform parameters were estimated by using the FMRIB (Functional MRI of the Brain) linear registration tool (FLIRT) and nonlinear registration tool (FNIRT) in the FMRIB Software Library (FSL) (Jenkinson et al., 2012) , respectively. Results of segmented regional labels from FreeSurfer (Desikan et al., 2006) were used to define the region of interest (ROI) mask for the visual cortex for each individual.
Preprocessing for echo planar imaging scans was performed using FSL with the following steps: slice timing correction, motion correction, spatial normalization to standard MNI space through the high-resolution T1 image resampled to isotropic 2 mm voxel size, and spatial smoothing with 8 mm full-width at half-maximum Gaussian kernel. Diffusionweighted images were corrected for motion and eddy current distortion using the FSL diffusion toolkit (Behrens et al., 2007) .
Neuronal activity during the TDT. An event-related BOLD response model (Friston et al., 1998 ) was used to estimate neuronal activation associated with visual perceptual processing induced by the TDT. In each run, a general linear model was conducted to estimate voxelwise ␤ coefficients for the two visual-field conditions: trained (texture target array presented in the trained quadrant) and untrained (texture target array presented in the untrained quadrant) conditions. With consideration of mixing effects of button press in visual perceptual processing, response timings were additionally included in the design matrix. The onset timing of a texture target and response timing were convolved using the canonical hemodynamic response function. To minimize motionrelated effects from the general linear model step for each run, motionrelated regressors, including six rigid-body motion parameters and motion outlier frames (implemented in FSL with the "fsl_motion_outli-ers" module), were included in the design matrix (Power et al., 2012 ). An average neuronal activity map was calculated by averaging across seven runs and visual-field conditions and then was used to represent the taskinduced neuronal activity for each subject, for each fMRI session.
A cluster-based correction scheme was adopted to find meaningful differences in neuronal activity between groups or sessions using AlphaSim (Song et al., 2011) . Voxelwise significance was determined at p Ͻ 0.001. Subsequently, cluster-based significance was determined at p Ͻ 0.05 (including Ͼ340 contiguous significant voxels; smoothness estimated as 16.6, 17.6, and 17.0 mm of full-width at half maximum Gaussian filter for the x, y, and z directions, respectively).
Probabilistic tractography. Probabilistic tractography was performed using the FMRIB diffusion toolbox. BEDPOSTX and PROBTRACKX was used to model 5000 iterations within each voxel with a curvature threshold of 0.2, a step length of 0.5 mm, and a maximum number of 2000 steps (Behrens et al., 2003) . The connectivity strength of white matter in the whole brain was reconstructed using an ROI mask in the visual cortex. Visual cortical regions for the ROI mask were prepared based on segmented regional anatomy from FreeSurfer. Segmented regional anatomy was transformed into diffusion space. Regions of pericalcarine, lingual, cuneus, and lateral occipital cortex were included for the visual cortex ROI with Ͼ0.2 in a fractional anisotropy map. The result of the connectivity strength distribution map was transformed into standard space. For statistical analysis, the connectivity strength map in each subject was normalized to the probabilistic connectivity map (range, 0 to 1; divided by the maximum connectivity strength in the distribution map). Voxelwise comparisons were performed to investigate group differences in probabilistic tracts. A cluster-based correction scheme was adopted to find meaningful differences in probabilistic tracts between groups or sessions using AlphaSim. Voxelwise significance was determined at p Ͻ 0.001. Subsequently, cluster-based significance was determined at p Ͻ 0.05 (including Ͼ25 contiguous significant voxels; smoothness estimated as 4.5, 4.8, and 6.0 mm of full-width at half maximum Gaussian filter for the x, y, and z directions, respectively).
Statistical analysis. Log-scaled video-game experience, task performance (80% threshold SOA) in each training session, and task performance (correct response ratio) in the pretraining and posttraining fMRI sessions were compared between VGPs and NVGPs using two-sample t tests. A one-way repeated-measures ANOVA was used to compare task performance (80% threshold SOA) across behavioral training sessions (sessions 1-6). Two-way repeated-measures ANOVAs were used to evaluate the effects of VPL, effects of groups (VGPs, NVGPs), and its interactions. The effects of training were evaluated with various time points depending on variables: (1) across training sessions on threshold SOA in training (sessions 1-6); (2) across trials on task performances per 10 trials of 550 ms SOA in training session 1 (from the first 10 to the last 10 trials, i.e., 12 time points for 120 trials); and (3) across fMRI sessions on task performance in fMRI, neuronal activity, and probabilistic connectivity (pretraining, posttraining). Two sample t tests were performed to investigate the difference of behaviors, task performance in the fMRI sessions, task performance in the training sessions, neuronal activity, and probabilistic connectivity. Correlation analyses were performed to quantify the relations between video-game experience, task performance in the fMRI sessions, task performance in the training sessions, and neuronal activity and probabilistic connectivity in the significant clusters from the two-way repeated-measures ANOVAs. In all the correlation analyses, Grubb's outlier test was adopted to prevent inaccurate associations by an outlier (Grubb, 1969) . Note that only subjects from Experiment 2 were included for the statistical analysis of the neuronal activity and task performance on fMRI, as indicated above. Although subjects were separated into two groups (i.e., Experiments 1 and 2) depending on SOA in fMRI sessions, all other aspects of the experimental design were identical. Thus, all subjects were included in the statistical analysis for video-game behaviors, task performance during training, and probabilistic connectivity, except correlation analysis with neuronal activity and task performance in fMRI sessions.
Results

Subject characteristics
Thirty-one healthy normal subjects (all males) were recruited for this study: 16 VGPs and 15 NVGPs. All subjects led ordinary lives in terms of family, social, and economic activities. The mean Ϯ SD age of enrolled subjects was 29.0 Ϯ 4.1 years, with no difference between VGPs and NVGPs (Table 1) . Of 16 VGPs, 12 played RTS video games at least 5 h/week, and another four played at least 4 h/week. Video-game experience (i.e., the number of RTS game plays) and habitual game play (play hours per week) were greater in VGPs than in NVGPs (Table 1) . Log-scaled video-game experience was assumed to have a normal distribution and was used in all subsequent analyses (normalized kurtosis K ϭ 4.47 from non-scaled population and K ϭ Ϫ0.48 from log-scaled population).
Task performance during training
All subjects (n ϭ 31) successfully completed six training sessions for the TDT. Performance during each training session was quantified using the 80% threshold for the SOA. There was a significant effect of training session on the 80% threshold for SOA (F (5,150) ϭ 13.3, p Ͻ 0.001; Fig. 1a) . From the two-way repeatedmeasures ANOVA on threshold SOA, there were significant training effect across sessions (F (5,145) ϭ 14.98, p Ͻ 0.001) and interaction between sessions and groups (F (5,145) ϭ 4.90, p Ͻ 0.001) but no effects of group (F (1,145) ϭ 2.91, p ϭ 0.098). SOA threshold was lower (i.e., performance was better) at the end of training than at the beginning of training. In the first training session, SOA threshold was lower for VGPs than for NVGPs ( p ϭ 0.009). However, the gap between the two groups became insignificant ( p Ͼ 0.05) as training proceeded further (Fig. 1a) . For additional analysis of initial performance, we took the average of each 10 trials of the first block of the first training session for the two groups and compared the mean performance between the two groups. From the two-way repeated-measures ANOVA on correct response (percentage) for initial trials with 550 ms SOA in session 1, there were significant training effect (F (11,319) ϭ 10.2, p Ͻ 0.001) and moderate group effect (F (1,319) ϭ 4.04, p ϭ 0.054) but no interaction (F (11,319) ϭ 0.46, p ϭ 0.93). However, there was no difference in the performance for the first 10 trials between the two groups. Then the performance difference emerged quickly in the course of initial training (Fig. 1b) .
Task performance in fMRI session
Subjects were split into two groups. The two groups performed the same experiment but differed on the SOA used for the TDT in the pretraining and posttraining fMRI sessions. Seventeen subjects (n ϭ 9 VGPs and n ϭ 8 NVGPs) participated in Experiment 1 and performed the TDT with an SOA of 100 ms during the pretraining and posttraining fMRI sessions. Fourteen subjects (n ϭ 7 VGPs and n ϭ 7 NVGPs) participated in Experiment 2 and performed the TDT with an SOA of 150 ms during the pretraining and posttraining fMRI sessions. All other aspects of the experiments were identical. From the two-way repeated-measures ANOVA on correct response ratio in fMRI (session ϫ group) in Experiment 1, there was no improvement from the pretraining to the posttraining fMRI session, no group difference, and no significant interaction (see Materials and Methods, TDT during fMRI). In contrast, in Experiment 2, the correct response ratio increased from before to after training ( p Ͻ 0.001). Specifically, performance increase was observed in both trained ( p ϭ 0.0073 in VGPs, p ϭ 0.034 in NVGPs) and untrained ( p ϭ 0.0029 in VGPs, p ϭ 0.014 in NVGPs) quadrants (Fig. 2 ). There were no significant differences between groups (VGPs and NVGPs) or between visual-field conditions (stimulus in the trained quadrant and stimulus in the untrained quadrant) on the correct response ratio in the pretraining or posttraining sessions in Experiment 2 (Fig. 2) .
Neuronal activity during the TDT fMRI analysis for neuronal activity was performed in Experiment 2 only (n ϭ 7 VGPs and n ϭ 7 NVGPs) because of the reason mentioned above. fMRI was conducted to investigate neuronal activity during the TDT before and after training. Neuronal activity in the right inferior frontal gyrus (IFG), a part of the middle frontal gyrus, and the ACC was greater in VGPs than in NVGPs both before and after training (i.e., main effect of group; Fig. 3a) . Task-positive activations in the right IFG were observed both before and after training in VGPs but not in NVGPs. Taskpositive activations in the ACC were evident for both VGPs and NVGPs, but the level of activation was higher with VGPs than with NVGPs both before and after training. There was no cluster that showed significantly greater neuronal activity in NVGPs than in VGPs. In both VGPs and NVGPs, neuronal activity in the right caudate and left putamen and the caudate was lower after training than before training (i.e., main effect of session; Fig. 3b ). Both regions responded to the TDT with positive activation at the pretraining session but did not show significant task-induced activity at the posttraining session. There was no cluster that showed significantly greater neuronal activity after training than before training. There was no significant cluster in neuronal activity by the interaction analysis between the groups and sessions.
Structural characteristics of white-matter tracts
Probabilistic tractography was performed in all subjects (n ϭ 31) to investigate white-matter connectivity from the visual cortex to other brain areas (Behrens et al., 2007) . Probabilistic tracts from ROIs in the visual cortex were reconstructed successfully: the inferior occipitofrontal fasciculus, which projects to ventral regions of the frontal lobe passing through the anterior part of the external capsule, the inferior longitudinal fasciculus, which projects to the temporal lobe, and the cingulum for the medial surface (Fig. 4a; Catani and Thiebaut de Schotten, 2008) . A greater level of probabilistic connectivity between with the visual cortex and the right anterior part of the external capsule was observed in VGPs than in NVGPs ( p Ͻ 0.001; Fig. 4b,c) , whereas none of the areas showed a greater level of probabilistic connectivity in NVGPs than in VGPs. There were no significant clusters between the sessions and interaction. 
Correlation between baseline characteristics and task performance
Correlation analysis was conducted to investigate the relation between baseline characteristics and TDT performance in all subjects (n ϭ 31; Fig. 5 ). At training session 1, threshold SOA was correlated negatively with video-game experience ( p ϭ 0.004) and habitual game plays ( p ϭ 0.03). At training session 2 (n ϭ 30 after excluding an outlier of NVGPs), threshold SOA was correlated negatively with log-scaled video-game experience ( p ϭ 0.02). These results indicate that performance was better in subjects with more video-game experience and a higher level of habitual game play in the initial training period. In the fMRI session (n ϭ 14, 7 VGPs and 7 NVGPs), there was no significant correlation between task performance and log-scaled video-game experience or between task performance and habitual video-game play.
Correlation of neuronal activity during TDT with video-game experience and task performance
Correlation analysis of fMRI with game experience and task performance was conducted only with data from Experiment 2 (n ϭ 7 VGPs and n ϭ 7 NVGPs). Log-scaled video-game experience was significantly positively correlated with neuronal activities in the right IFG ( p ϭ 0.02 and p ϭ 0.005 before and after training), ACC (p ϭ 0.03 and p ϭ 0.03 before and after training), left putamen (p ϭ 0.03 after training), and right caudate (p ϭ 0.02 after training) but no significant associations with the left putamen and right caudate before training. Habitual video-game play was also significantly positively correlated with neuronal activities in the right IFG ( p ϭ 0.01 and p Ͻ 0.001 before and after training) and ACC ( p ϭ 0.02 and p Ͻ 0.001 before and after training). Conversely, neuronal activities in the left putamen and right caudate were not correlated significantly with habitual video-game play either before or after training (left putamen, p ϭ 0.24 and p ϭ 0.23 before and after training; right caudate, p ϭ 0.24 and p ϭ 0.06 before and after training).
In the pretraining and posttraining fMRI sessions, there was no significant correlation between neuronal activity and threshold SOA. There was no significant correlation between neuronal activities in the ROIs and task performance in either the pretraining or posttraining fMRI session.
Correlation of white-matter connectivity with video-game experience and task performance
The probabilistic connectivity level in the right external capsule (defined from group comparison in the exploratory analysis with seed ROI in the visual cortex) was significantly positively correlated with video-game experience (n ϭ 31; p ϭ 0.003 and p ϭ 0.005 before and after training, respectively) but was not significantly correlated with habitual video-game play (n ϭ 31) and task performances in both training (n ϭ 31) and fMRI (n ϭ 14, Experiment 2 group) sessions.
Structural and functional correlates
Correlation analysis of fMRI with probabilistic connectivity was conducted with data from Experiment 2 (n ϭ 14, 7 VGPs and 7 NVGPs). The probabilistic connectivity of the right external capsule with the visual cortex was significantly positively correlated with the neuronal activity of the right IFG ( p ϭ 0.0002), ACC ( p ϭ 0.0008), and left putamen ( p ϭ 0.02) in the pretraining fMRI session. However, no significant correlation between structural connectivity and neuronal activity was observed after training.
Discussion
In this study, we investigated the effects of RTS video-game experience on VPL and aimed to elucidate the neural mechanisms that underlie differences in VPL between RTS VGPs and NVGPs and to test whether improved higher-order cognitive skills by RTS experience are involved in the development of VPL. We found that VGPs had better performance on the TDT in the early phase of training. Although the performance difference between the two groups was not observed in the first 10 trials, after the phase, it started being seen abruptly. Neuronal activity in the right IFG and ACC during TDT was greater in VGPs than in NVGPs. Consistent with this result, the white-matter connectivity of the right external capsule with the visual cortex, i.e., the pathway between the visual cortex and inferior frontal lobe, had stronger probabilistic connections in VGPs than in NVGPs. These results are in accord with the hypothesis that RTS experience improves cognitive abilities associated with functional and anatomical changes in brain areas higher than the early visual cortex and that these higher-order cognitive abilities facilitate VPL particularly in the early phase of training.
We have also found that the performance was improved not only in the trained location but also in the untrained location. As discussed in Introduction, a large literature has shown that VPL is location specific (Poggio et al., 1992; Karni and Sagi, 1993; Crist et al., 1997; Watanabe et al., 2002; Yotsumoto et al., 2008 Yotsumoto et al., , 2009 ). However, recently it has been found that, in some conditions, VPL is not feature/location specific (Green and Bavelier, 2003, 2012; Xiao et al., 2008; Green et al., 2010; Oei and Patterson, 2013; Wu and Spence, 2013) . Harris et al. (2012) found that the location specificity in VPL of TDT was totally abolished, and complete generalization occurs if a procedure to reduce sensitivity was applied to the target location in TDT. Based on this finding, Harris et al. (2012) and Shibata et al. (2014) built the model in which VPL results from at least one of two types of plasticity: (1) Figure 3 . Main effects of group and training on neuronal activity during the TDT. a, Main effects from group comparisons. The right IFG (top) and ACC (bottom) had significant clusters. The red-to-yellow color scale represents the level of significance at each voxel. ␤ coefficients were averaged within each cluster, and the average Ϯ SE ␤ coefficients for VGPs (n ϭ 7) and NVGPs (n ϭ 7) in Experiment 2 are shown on the right. b, Main effects from session comparisons. The left putamen and caudate (top) and the right caudate (bottom) had significant clusters. The blue-to-light blue color scale represents the level of significance at each voxel. ␤ coefficients were averaged within a cluster, and the average Ϯ SE ␤ coefficients for VGPs (n ϭ 7) and NVGPs (n ϭ 7) in Experiment 2 are shown on the right. Reconstructed probabilistic pathways from the ROI in the visual cortex. a, The inferior occipitofrontal fasciculus, inferior longitudinal fasciculus, and cingulum pathways are shown as a result of a one-sample t test applied to the data from all the subjects at the pretraining MRI session (n ϭ 31). The blue-to-red color scale represents a statistical significance of probabilistic connectivity. b, A greater level of probabilistic connectivity from the visual cortex was observed along the anterior part of the right external capsule in VGPs (n ϭ 16) than in NVGPs (n ϭ 15), whereas no area showed a greater level of probabilistic connectivity in NVGPs than in VGPs. The red-to-yellow color scale represents a statistical significance of group differences. MNI coordinates (z-axis) are noted on the top left of each slice. c, The mean Ϯ SE probabilistic connectivity in the significant cluster for VGPs (n ϭ 16) and NVGPs (n ϭ 15) in the pre-TDT and post-TDT training MRI sessions. feature-based plasticity that occurs in the early visual cortex in a location/feature-specific manner; and (2) task-based plasticity, which involves higher cognitive areas and is not location/feature specific. The current result of no location specificity in VPL of TDT is in accord with the hypothesis that VPL of TDT results from changes in higher-order cognitive regions.
We believe that differences in neural plasticity between VGPs and NVGPs may explain the difference in TDT performance. White-matter connectivity from the visual area to the frontal cortex (i.e., the inferior occipitofrontal fasciculus) in the right hemisphere was more developed in VGPs than in NVGPs. These results suggest that structural plasticity had occurred by longterm video-game experience. In accordance with these structural data, neuronal activity in the right IFG and the ACC during TDT was greater in VGPs than in NVGPs, and these differences remained even after training. Previously, it has been reported that the right IFG and the ACC were activated for unexpected stimuli (Sharp et al., 2010 ) and for cognitive-demanding tasks (Duncan et al., 2000; Nee et al., 2007) . However, note that our study was based on the correlation analysis; therefore, it cannot be determined whether the anatomical and functional differences between the VGP and NVGP groups were the cause or the result of long-term video-game experience. For instance, gamers might be blessed with the greater level of white-matter connectivity from the visual area to the frontal cortex that allowed them to excel and persist in the video-game playing.
Interestingly, as training progressed, the performance gap between VGPs and NVGPs reduced, and performance level reached a plateau in both groups. In support of this, a strong correlation between video-game experience and TDT performance was observed in the early phase of training but weakened in the later phase of training. These results indicate that the learning effect became more prominent than the video-game experience effect as VPL well progresses.
The neural plasticity associated with long-term video-game experience may be affected by the genre of video game because of genre-dependent functional requirements. VGPs in the present study had played primarily RTS games (i.e., StarCraft or WarCraft) that require real-time coordination of complex cognitive activities of planning and strategizing against an enemy army. This is reflected with the results of MRI experiments indicating that structural and functional correlates in frontal areas and connectivity between visual and frontal areas were more developed in VGPs than in NVGPs.
Conversely, although action video games involve high-order cognitive areas (Kühn and Gallinat, 2014; Gong et al., 2015) , the role of the posterior parietal area, which is associated with visual attention, is highly pronounced. Thus, the positive influence of the RTS video-game experience on VPL in the present study suggests that particularly high-ordered cognitive skills are involved in VPL.
The caudate and putamen in both VGPs and NVGPs showed task-related positive activation before training but not after training. These results suggest that the caudate and putamen may play an important role in VPL, particularly in the early phase of training. The basal ganglia, including the caudate and the putamen, may function as an independent memory system in learning cases (Poldrack and Packard, 2003) . In rats, the majority of caudateputamen responses to stimulation of the entorhinal cortex were inhibitory (Finch et al., 1995) . In human brains, the caudate and putamen showed an increase in BOLD signal during cognitive skill acquisition (Poldrack et al., 1999), motor sequence learning (Reithler et al., 2010) , and phonetic learning (Tricomi et al., 2006) . This result is also consistent with the model that the basal ganglia is involved in learning until cortical association is established (Hélie et al., 2015) . The activation of these brain regions for a novel visual task and the deactivation when the visual task was no longer novel in the present study may provide additional evidence for interaction of the basal ganglia with learning/memory systems.
Results of the present study suggest that VPL is associated with higher-order cognitive areas. However, this does not indicate invariably that higher-order cognitive areas are the only regions in which VPL occurs. A number of studies have found changes in the early visual cortex associated with VPL (Schoups et al., 2001; Furmanski et al., 2004; Yotsumoto et al., 2008 Yotsumoto et al., , 2009 Shibata et al., 2011) . As mentioned in Introduction, it has been suggested that VPL results from two types of plasticity: (1) feature-based plasticity; and (2) task-based plasticity. The feature-based plasticity occurs in early visual areas to improve a representation of the trained feature, whereas the task-based plasticity occurs in more cognitive areas to improve tasks (Shibata et al., 2014; Watanabe and Sasaki, 2015) . If true, the results of the present study are in accord with the task-based plasticity.
In the present study, we examined how long-term video-game experience and habitual game playing influenced visual perceptual abilities and VPL. Changes in structural connectivity and neural plasticity attributable to long-term video-game experience may underlie better perceptual learning of VGPs in the early phase of training on a novel task. These results have implications for our understanding of the neural mechanisms underlying interindividual variations in higher-order cognitive abilities and VPL.
